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SYSTEM AND METHOD FOR REGISTERING AN IMAGE WITH A 
REPRESENTATION OF A PROBE 

BACKGROUND 

[0001] The present description relates generally to systems and methods for 
registering or aligning an image with a representation of a probe. In particular, the 
present description relates to improved systems and methods for registering a cardiac 
image with a representation of a probe. 

[0002] Electrophysiology (EP) studies can be used to diagnose and/or treat a 
number of serious heart problems. One type of heart problem that can be diagnosed 
and/or treated by conducting an EP study is cardiac arrhythmias. Cardiac arrhythmias 
can generally be referred to as abnormal heart rhythms such as tachycardias, 
bradycardias, etc. Left untreated, an arrhythmia presents a serious health risk to an 
individual. 

[0003] In a typical EP study, a catheter (e.g., electrode catheter, balloon catheter, 
etc.) is inserted into a vein or artery (e.g., in the groin, etc.) and guided to the interior 
of the heart. Once inside the heart, the catheter is contacted with the endocardium at 
multiple locations. At each location, the position of the catheter and the electrical 
properties of the endocardium can be measured. The attending physician can use this 
data to assist in locating the origin of a cardiac arrhythmia. The results of the EP 
study may lead to further treatment, such as the implantation of a pacemaker or 
implantable cardioverter defibrillator, or a prescription for antiarrhythmic 
medications. Oftentimes, however, the physician ablates (e.g., RF ablation, etc.) the 
area of the heart causing the arrhythmia immediately after diagnosing the problem. 
Generally, ablating an area of the heart renders electrically inoperative thus removing 
stray impulses and restoring the heart's normal electrical activity. 
[0004] In some EP studies, physicians also refer to a three dimensional (3D) image 
of the heart such as images obtained using computerized tomography (CT), magnetic 
resonance (MR), ultrasound, etc. Unfortunately, the image is typically not registered 
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with the location of the catheter used in the EP study. Thus, although the physician 
can refer to the image, the location of the catheter relative to the image is unknown. 
Accordingly, it would be desirable to provide an improved system and method' for 
registering a representation of a catheter (or, broadly speaking, a probe) with an 
image. 

SUMMARY 

[0005] One embodiment relates to a method comprising acquiring an image 
pertaining to an organ or structure inside a body and registering a representation of a 
probe which is inside the body with the image, the representation of the probe and the 
image being registered to substantially the same point in a bodily cycle. 
[0006] Another embodiment relates to a method comprising acquiring an image 
pertaining to an organ or structure inside a body and simultaneously displaying the 
image and a representation of a probe. The image and the representation of the probe 
correspond to substantially the same point in a bodily cycle. 

[0007] Another embodiment relates to a method comprising generating an image of 
an organ or structure inside a body which is substantially correlated to a point in a 
bodily cycle and registering a representation of a probe which is inside the body with 
the image, the representation of the probe and the image being registered to the point 
in the bodily cycle. The image is generated by interpolating between and/or 
extrapolating from at least two other images of the organ or structure taken at other 
points of the bodily cycle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Fig. 1 is a system for registering a representation of a probe with an image 
according to one embodiment. 

[0009] Fig. 2 is a cross-sectional view of a heart according to one embodiment. 
[0010] Fig. 3 shows a block diagram of a method for registering a representation of 
a probe with an image according to one embodiment. 

[0011] Fig. 4 shows a cross-section view of a portion of heart according to another 
embodiment. 
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[0012] Fig. 5 shows another cross-sectional view of a portion of a heart according to 
another embodiment. 

[0013] Fig. 6 shows a plurality of heart vectors and vector loops according to 
another embodiment. 

[0014] Fig. 7 shows a method for registering a representation of a probe with an 
image according to another embodiment. 

[0015] Fig. 8 shows a method for registering a representation of a probe with an 
image according to another embodiment. 

[0016] Fig. 9 shows a waveform of a bodily cycle according to one embodiment. 
DETAILED DESCRIPTION 

[0017] The present description is generally provided in the context of registering 
(spatially, temporally, etc.) one or more images (e.g., 3D images, 4D images, volume 
rendered images, images obtained using CT, MR, and/or ultrasound, etc.) of an organ 
or structure inside a body with one or more representations of one or more probes 
(e.g., catheter, instrument, etc.) which are also inside the body. Although, the present 
description is provided primarily in the context of registering one or more images of 
the heart with a representation of a probe which is inside the heart, it should be 
understood that the systems and methods described and claimed herein may also be 
used in other contexts such as registering one or more images of other organs or 
structures (e.g., brain, liver, etc.) of a human or, broadly speaking, animal body, with 
the representation of a probe which is inside the human or animal body. Accordingly, 
the systems and methods described herein are widely applicable in a number of other 
areas beyond what is described in detail herein. Also, it should be understood that 
although a single image is oftentimes registered to a single representation of a probe, 
one or more images may be registered with one or more representations of one or 
more probes. It should also be understood that a particular example or embodiment 
described herein may be combined with one or more other examples or embodiments 
also described herein to form various additional embodiments as would be recognized 
by those of ordinary skill. Accordingly, the systems and methods described herein 
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may encompass various embodiments and permutations as may be appropriate and/or 
recognized by those of ordinary skill. 

[0018] Referring to Fig. 1, one embodiment of a system 50 is shown. System 50 
includes a console or computer 51 and a probe 56. System 50, broadly described, 
may be used to register an image with a representation of a probe 56. The term 
"representation" as used herein should be given its ordinary and accustomed meaning. 
However, regardless of its ordinary and accustomed meaning, the term 
"representation" should not be construed to require the representation to be in any 
way similar in size, shape, etc. (although they may be similar in size, shape, etc.) as 
the thing being represented (e.g., a square is used to represent probe 56 even though 
probe 56 is not the shape or size of a square). In particular, system 50 may be used to 
spatially and/or temporally register an image with the representation of probe 56. 
[0019] System 50 may be a wide variety of systems used for an equally wide variety 
of uses. For example, in one embodiment, system 50 may be any system that is 
configured to use a probe to measure, monitor, diagnose, manipulate, or otherwise 
provide information about an organ or structure inside the body. In another 
embodiment, system 50 may be an EP monitoring system that is configured to use a 
probe to purposefully alter or provide information regarding the electrical activity of 
an organ or structure inside the body. In another embodiment, system 50 may be a 
cardiac EP monitoring system. In general, the cardiac EP monitoring system is 
configured to provide information about or purposefully alter the electrical activity of 
a heart using a probe which is in or adjacent to the heart. 

[0020] As shown in Fig. 1, probe 56 and display 52 are communicatively coupled to 
computer components 59 in cabinet 54. Information sensed by probe 56 may be 
communicated to computer components 59. Information from computer components 
59 may then be communicated to display 52 where it is displayed to a nearby person 
58 (e.g., attending physician, nurse, technician, etc.). The configuration shown in Fig. 
1 is only one of many suitable configurations. For example, in another embodiment, 
probe 56 may be communicatively coupled directly to display 52. In this 
embodiment, display 52 may be configured to display the information provided by 
probe 56 without the information being communicated through cabinet 54 (e.g., 
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display 52 comprises the necessary computer components 59 to receive information 
from probe 56). In another embodiment, display 52 may be combined with cabinet 54 
so that the functions generally performed by computer components 59 in cabinet 54 
and display 52 are performed by the combined unit (e.g., display 52 comprises all of 
computer components 59). In another embodiment, console 51 may include two or 
more displays 52. The displays may be used to display multiple images or other types 
of information (e.g., electrocardiogram (ECG) signals, etc.) In one embodiment, 
display 52 may be configured to be in a location that is convenient for person 58 to 
view (e.g., at height of person 58's eyes as person 58 is standing, etc.) as person 58 
moves probe 56. 

[0021] System 50 may also be configured to include additional components and 
systems. For example, system 50 may comprise a printer. System 50 may also be 
configured as part of a network of computers (e.g., wireless, cabled, secure network, 
etc.) or as a stand-alone system. In one embodiment, system 50 may comprise an 
ECG monitoring system. The ECG monitoring system may be a conventional twelve 
lead ECG monitoring system. In other embodiments, the ECG monitoring system 
may include any suitable and/or desirable configuration of leads, etc. to provide the 
information necessary for the particular use of system 50. In another embodiment, 
system 50 may comprise a system to monitor the blood pressure of patient 74. This 
may be a conventional blood pressure monitoring system or may be a system that 
monitors the blood pressure using a transducer placed on or adjacent to a vein or 
artery. In another embodiment, system 50 may comprise a localization system, which 
may be used to determine the location of probe 56. In short, there are a number of 
conventional systems and components recognized by those of ordinary skill that may 
also be included as part of system 50. 

[0022] Computer components 59 in cabinet 54, shown in Fig. 1, comprise a 
processor 60, memory 62, storage media 64, and one or more input devices (e.g., 
mouse, keyboard, etc.). Computer components 59 are configured to receive 
information from probe 56, process the information, and provide output using display 
52. The information provided to computer components 59 may be continually stored 
(i.e., all information is stored as it is received) or intermittently stored (i.e., periodic 
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samples of the information are stored) using storage media 64 (e.g., optical storage 
disk (e.g., CD, DVD, etc.), high performance magneto optical disk, magnetic disk, 
etc.) for later retrieval. In general, storage media 64 differs from memory 62 in that 
storage media 64 is configured to maintain the information even when storage media 
64 is not provided with power. In contrast, memory 62 typically does not maintain 
the information when the power is off. 

[0023] In one embodiment, console 51 is a desktop computer. In another 
embodiment, console 5 1 may be configured to include input locations 80 on cabinet 
54 or display 52 that are configured to receive additional information pertaining to 
patient 74. For example, in one embodiment, input locations 80 may include one or 
more input locations configured to receive input from leads 82 (e.g., ECG leads, etc.). 
[0024] Probe 56 comprises a distal end 66, a proximal end 68, and a probe body 70. 
In general, probe 56 may be located in or adjacent to a heart 72 (shown in Fig. 1 in a 
cross-sectional view to expose distal end 66 of probe 56) of patient 74. In one 
embodiment, distal end 66 may include one or more sensors 76, which are configured 
to sense the electrical properties (e.g., electrical potential at one or more locations of 
the endocardium, activation times, etc.) of heart 72. The electrical properties may 
then be communicated back to console 5 1 and displayed on display 52. In an 
exemplary embodiment, probe 56 may comprise a plurality of sensors configured to 
sense the electrical properties of heart 72 (e.g., probe 56 is a balloon catheter, etc.). In 
another embodiment, multiple probes 56 may be used that each comprise one or more 
sensors configured to sense the electrical properties of heart 72. 
[0025] Probe 56 may be any number of suitable probes having a variety of 
configurations. For example, probe 56 may include a lumen in which wires may be 
placed to communicate information from sensors 76 back to console 51 and to 
transmit an ablation charge from console 5 1 to distal end 66 to correct the electrical 
pathways in heart 72. Of course, the lumen may also be used to allow fluid to flow 
through probe 56. 

[0026] In another embodiment, a localization system, included as part of system 50, 
may be used to determine the location of one or more portions of distal end 66 of 
probe 56. This may useful to move probe 56 back to an earlier location. Any suitable 
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localization system may be used as would be recognized by those of ordinary skill. 
For example, the location of distal end 66 of probe 56 may be determined using one 
or more transmitters and/or receivers that are located outside the body of patient 74 
(typically at least three transmitters and/or receivers are used). In this example, the 
transmitters and/or receivers may be configured to send and/or receive signals to 
and/or from distal end 66. These signals may be used to determine the location of 
distal end 66. In one embodiment, the transmitters and/or receivers may be 
incorporated into one or more leads 82 positioned on skin surface 78 of patient 74. In 
another embodiment, the transmitters and/or receivers may be positioned so as not to 
be in contact with patient 74. In another embodiment, leads 82 may be used to 
determine the location of distal end 66 of probe 56 by sending a signal that is useful in 
determining the impedance of probe 56, which may be used to determine the location 
of probe 56. In another embodiment, the localization system may be configured to 
determine the location of multiple sensors 76 on distal end 66 of probe 56. Also, as 
described in further detail below, the location of sensors 76 may also be used in 
registering the representation of probe 56 with an image on display 52. 
[0027] Display 52, shown in Fig. 1, is configured to provide output to a user in the 
form of information, which may include alphanumeric (e.g., text, numbers, etc.) 
output, graphical image output, etc. In one embodiment, display 52 may be 
configured to also receive input from a user (e.g., touch screen, buttons located 
adjacent to the screen portion of display 52, etc.). Display 52 may be any number of 
suitable displays in a number of suitable configurations. For example, display 52 may 
be a liquid crystal display, flat screen display, SVGA display, VGA display, etc. 
[0028] In one embodiment, display 52 may be configured to display one or more 
images of an organ or structure inside the body (e.g., a heart). Desirably, display 52 
may be configured to display images acquired using CT, MR, and/or ultrasound. 
These images may also be two-dimensional, three-dimensional, or four-dimensional. 
Also, in many instances, the images are generated from data processed by a computer 
(CT, MR, ultrasound, etc.). Typically, in embodiments where the image is a CT or 
MR image, the images are input into system 50 prior to probe 56 being inserted into 
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patient 74 or before a procedure (e.g., an electrophysiology monitoring procedure) is 
initiated. 

[0029] Display 52 may also be configured to display one or more representations of 
one or more probes 56 and the information provided by probes 56. For example, in 
one embodiment, display 52 may be configured to display a representation of probe 
56. In another embodiment, display 52 may be configured to display representations 
of sensors 76 which are on probe 56. In another embodiment, display 52 may be 
configured to display the electrical properties of the organ or structure which are 
sensed by sensors 76. In another embodiment, display 52 may be configured to 
display markers showing one or more locations where the electrical properties have 
been sensed. In one embodiment, each marker may display an abbreviated amount of 
information regarding the electrical properties. When a user selects one of the 
markers, the user is shown a greater amount of information relating to the electrical 
properties. In embodiments where the organ or structure comprises heart 72, these 
markers may be color coded based on the activation times at the various locations 
inside heart 72 (e.g., red is for early activation times and blue is for late activation 
times). By displaying a number of markers on display 52, the user can readily 
observe the electrical properties of various areas of heart 72. Any suitable marker or 
identifier may be used to represent probe 56 on display 52. For example, in one 
embodiment, probe 56 may be displayed as a line with a series of points 
corresponding to sensors 76. The line segments connecting the points represent the 
portion of probe 56 where there are no sensors. Of course, probe 56 may be shown or 
represented on display 52 in any of a number of other suitable ways as well. 
[0030] Of course, display 52 may be configured to display one or more images in 
conjunction with one or more of the representations of probe 56 and the information 
provided by probe 56. For example, in one embodiment, display 52 may be 
configured to simultaneously display an image of heart 72, a representation of probe 
56, and a map of the electrical properties of heart 72, all of which are registered to 
each other. In another embodiment, the image and the representation of probe 56 may 
be spatially registered. In a further embodiment, the map may be a three-dimensional 
map of the electrical properties. Of course, in addition to the embodiments 
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specifically described, display 52 may be configured to display any suitable 
combination of the image, the representation of probe 56, and other information (e.g., 
electrical properties of heart 72, etc.), of which at least two of these are registered 
according to the embodiments described later. In one embodiment, system 50 may be 
configured to display an image of heart 72 that is registered with probe 56 on display 
52. In this manner, person 58 is able to simply look at display 52 to determine the 
location of probe 56 inside heart 72. Person 58 may then adjust and manipulate probe 
56 accordingly. 

[0031] In one embodiment, display 52 may be configured to overlay the image, the 
representation of probe 56, and any other information (e.g., electrical properties of 
heart 72). This may be advantageous to provide person 58, who is viewing display 
52, the ability to quickly and easily recognize the information presented on display 
52. Of course, other suitable ways of displaying the image, the representation of 
probe 56, and any other information may also be used. 

[0032] The representation of probe 56 may be registered with the image of an organ 
or structure of a body (e.g., a heart, etc.) spatially and/or temporally (e.g., to 
substantially the same point of a bodily cycle such as a cardiac cycle, etc.). A number 
of embodiments are described that may be used to register the representation of probe 
56 with the image both spatially and temporally. 

[0033] In one embodiment, the representation of probe 56 may be registered with 
the image using one or more features (e.g., physical features) of the organ or structure 
in the body. For example, when the organ or structure comprises heart 72, the 
features may include valves, atrial appendages, scar tissue, etc. 

[0034] Referring to Fig. 2, a cross-sectional view of heart 72 is shown comprising a 
feature 116. Heart 72 also includes a left ventricle 102, a right ventricle 104, a right 
atrium 106, and a left atrium 108. Also shown in Fig. 2 are electrical pathways 110 
and sinoatrial (S-A) node 1 12. The pumping action of heart 72 begins when an 
electrical pulse, originating at S-A node 112, travels through heart 72. As the pulse 
travels, walls 114 of heart 72 contract in a progressive manner, thus moving blood 
through the various chambers of heart 72 and on through the circulatory system. 
When heart 72 is at rest, the muscle is polarized. The pulse originates at S-A node 
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112 when the heart tissue begins to depolarize. This depolarization wave spreads (and 
thus so does the pulse) along pathways 110 throughout the rest of heart 72. 
[0035] Feature 116, shown in Fig. 2, is, in this example, scar tissue, but may be a 
number of other features that are suitable for use in registering the representation of 
probe 56 and the image as mentioned previously. For example, in one embodiment, 
feature 116 may be any feature that is identifiable by both it electrical properties (e.g., 
electrical potential as measured in an EP study, etc.) and other properties (e.g., color, 
size, orientation, density, etc.) which can be observed visually on images derived from 
a variety of imaging modalities (e.g., CT, MR, ultrasound, etc.). Also, it should be 
understood, that although feature 1 16 is shown as extending from interior surface 118 
of heart 72 to exterior surface 120 of heart 72, feature 116 does not have to extend 
through wall 114. Rather, feature 116 may extend from interior surface 118 outward 
into one of chambers 102, 104, 106, and 108 of heart 72, or may simply be a small 
amount of scar tissue on interior surface 118 that does not extend entirely through 
wall 114. In one embodiment, feature 116 may be a feature that was created and/or 
identified previously. For example, feature 116 may be electrically inactive and/or 
scarred tissue from a previous ablation or surgery, etc. 

[0036] Referring to Fig. 3, a diagram is shown of a method for registering a 
representation of probe 56 with an image using feature 116. At step 152, probe 56 is 
used to locate feature 1 16 on interior surface 118 of heart 72. In one embodiment, 
this is done by person 58 who moves probe 56 until feature 1 16 is located based on its 
electrical properties (e.g., scar tissue having zero conductivity, etc.). Typically, probe 
56, and specifically, sensor 76 contact feature 116 during step 152. Referring back to 
Fig. 3, once feature 116 has been located, the location of probe 56 is sensed at step 
152. The location is stored in system 50 and/or displayed on display 52. Typically, 
the location of probe 56 is sensed using a localization system, which may be included 
as part of system 50. 

[0037] In one embodiment, at step 150, probe 56 may be able to locate feature 1 16 
by sampling one location on interior surface 118 of heart 72. For example, in 
situations where feature 1 16 is similar in size to sensor 76 then feature 116 may be 
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located by sampling a single location. However, in other embodiments, it may be 
desirable to sample multiple locations to determine the boundaries of feature 116. 
[0038] For example, Fig. 4 shows a cross-sectional view of heart 72 with distal end 
66 of probe 56 located adjacent feature 116. In this example, distal end 66 includes at 
least one sensor 76 which may be used to sense electrical properties as well as 
determine the location of probe 56. Points 160 refer to locations where sensor 76 
sensed the electrical properties of interior surface 118 of heart 72. Feature 1 16 is 
shown as being circular, however, it should be understood that feature 116 may be 
any of a number of shapes and sizes. As shown in Fig. 4, probe 56 measures the 
electrical properties at points 160 to determine the boundaries of feature 116. 
Accordingly, depending on the size and shape of feature 1 16 it may be necessary to 
measure the electrical properties of multiple points 160 before registering the location 
of probe 56 with the image. 

[0039] Once the boundaries of feature 116 have been located using probe 56, then 
the shape and size of feature 116 located by probe 56 may be compared to features 
116 shown in the image. If there is a feature in the image that is similar in shape and 
size to feature 116 located using probe 56 then it is likely they are a match, especially 
if there is only one feature in the image that is of similar size and shape. If they 
match, then the representations of probe 56 displayed on display 52 that correspond to 
points 160 can be registered with the image. If, however, there are multiple features 
1 16 in the image that may be the same shape and size as feature 116 located using 
probe 56, then it may be desirable to continue to locate other features 116. Once the 
location, shape, and size of another feature 116 has been determined using probe 56 
then the two features located using probe 56 may be registered to features 1 16 in the 
image. Because the locations of the two features 1 16 are known relative to each 
other, features 116 that have a similar spatial relationship may be located in the 
image. 

[0040] Referring back to Fig. 3, once the location of feature 116 has been 
determined, the representation of probe 56 is registered with feature 1 16 in the image 
at step 154. In one embodiment, this may be done by a user such as person 58 who 
visually locates feature 1 16 in the image and registers the representation of probe 56 
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to feature 116 displayed in the image. For example, system 50 may be configured so 
that the user can select the representation of probe 56 on display 52 and drag and drop 
the representation on feature 116 shown in the image. The location of probe 56 and 
the image are now registered at that feature. Of course, other methods may be used to 
register the location of probe 56 with feature 1 16 in the image. Once one 
representation of probe 56 has been registered with the image, steps 150-154 may be 
repeated for additional features 116 thereby registering the image with a number of 
the representation of probe 56. In an exemplary embodiment, it is desirable to register 
the image with at least three representation of probe 56. 

[0041] In another embodiment, step 154 may be performed entirely by system 50. 
In this embodiment, system 50 may be configured to register the representation of 
probe 56 with the image using at least one feature 116, or, desirably, using two, three, 
or more features 116. Using system 50 may be desirable because the images are 
registered in a faster and more consistent (e.g., registration procedures use a common 
algorithm or set of algorithms to register the images) manner. System 50 may be 
configured to register the image and the representation of probe 56 in a similar 
manner to the method a user would perform except that system 50 uses software to 
perform the similar procedures. In one embodiment, the software may be configured 
to provide instructions to determine the location of multiple features 1 16 in the image. 
Once the location of feature 116 has been determined, system 50 may, using the 
software, begin to search for the corresponding feature 1 16 in the image. This may be 
particularly useful once probe 56 has located two, three, or more features. System 50 
may use the software to compare the locations of the features 116 relative to each 
other to find corresponding features 1 16 in the image that have similar spatial 
relationships. Once features 1 16 in the image have been located, then the 
representations of probe 56 corresponding to features 116 may be registered with the 
image. 

[0042] In one embodiment, the software (e.g., computer readable instructions) may 
be configured to locate one or more features 1 16 in the image by sensing the electrical 
properties of heart 72 at various locations (the user is typically still responsible to 
move probe 56 in heart 72) and determining whether the electrical properties at a 
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particular location are abnormal (e.g., location of scar tissue is non-conducting, 
potential measured a particular location is lower or higher than normal, etc.). System 
50 may comprise a database of electrophysiological measurements taken previously 
from patient 74 or a group of other patients, which can then be compared with the 
present measurements to determined if they are abnormal. 

[0043] In another embodiment of step 150, feature 116 may be identified using a 
combination of software and visual perception by person 58 or any other suitable 
person. For example, system 50 may comprise software that preliminarily locates 
feature 1 16 (or a plurality of features 1 16) in the image and displays the image 
showing feature 116 selected (e.g., circled, highlighted, etc.). The person can then 
view the image on display 52 and judge whether the software has accurately located 
feature 116. If feature 1 16 is not accurately located, then person 58, using a user 
interface, can manually locate feature 1 16 or slightly adjust the selection of feature 
116 provided by the computer. Once feature 1 16 is located in the image, then the 
image may be registered to the representation of probe 56. 

[0044] In another embodiment, a representation of probe 56 is registered with an 
image of heart 72 using a heart vector 200 (e.g., electrical heart vector or electrical 
axis, etc.). Referring to Fig. 5, a portion of heart 72 is shown. The portion of heart 72 
generally shows walls 1 14 of ventricles 102 and 104. Electrical currents flow in the 
ventricles between depolarized areas 202 (i.e., the shaded areas in Fig. 5) inside the 
heart and polarized areas 204 on the outside of the heart as indicated by arrows 206. 
Currents also flow inside heart 72 from depolarized areas 202 toward polarized areas 
204. Even though a small amount of current flows upward inside heart 72, a 
considerably greater quantity flows downward toward an apex 208 of heart 72. All of 
the vector currents in heart 72 at any given instant in time may be summed to create 
heart vector 200. In Fig. 5, heart vector 200 represents the summation of all of the 
currents in heart 72 at a particular instant in time. In addition to showing the direction 
of the sum of the currents in heart 72, the length of heart vector 200 is proportional to 
the quantity of the current. Accordingly, heart vector 200 increases in length when 
there is more current flowing in heart 72. 
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[0045] Referring to Fig. 6, a vector loop 210 is shown of heart vector 200 at various 
times in the QRS portion of a cardiac cycle. Fig. 6 also shows various stages 212, 
214, 216, 218, and 219 of the depolarization of heart 72 in the QRS portion of the 
cardiac cycle. Stages 212, 214, 216, and 218 correspond to heart vectors 220, 222, 
224, and 226, respectively. Stage 219 corresponds to when heart 72 is completely 
depolarized and, accordingly, there is no current or a very small amount of current 
flowing. 

[0046] Referring to Fig. 6, heart vectors 220, 222, 224, and 226 show that heart 
vector 200 changes in both quantity and direction as the cardiac cycle proceeds. As 
previously discussed, the heart vector increases and decreases in length because the 
current flow in heart 72 is increasing and decreasing. Heart vector 200 changes 
direction in the cardiac cycle because of changes in the average direction of current 
flow around heart 72. As shown in vector loop 210, which represents heart vector 
200 during the QRS portion of the cardiac cycle, point 228 corresponds to the location 
where there is no or very little current flow in heart 72. As heart 72 first becomes 
depolarized, shown in stage 212, heart vector 220 extends downward toward apex 208 
of heart 72 and is relatively weak. As more of heart 72 becomes depolarized, shown 
in stage 214, heart vector 222 becomes stronger and begins to swing slightly to one 
side. At stage 216, heart vector 224 is still relatively strong, but not quite as strong as 
heart vector 222. However, at stage 216, heart vector 224 begins to swing even 
further to one side (shown in Fig. 6 as a counterclockwise rotation from each 
progressive stage). Also, at stage 216 much of the heart has become depolarized. At 
stage 218, most of heart 72 has become depolarized and heart vector 226 is smaller 
than heart vector 224. Finally, at stage 219, heart 72 has become completely 
depolarized. Although Fig. 6 shows vector loop 210 being two-dimensional, it should 
be understood that vector loop 210 is often three-dimensional and that a two- 
dimensional illustration is provided for illustration purposes only. Accordingly, 
vector loop 210 may be represented using a three-dimensional coordinate system 
(e.g., rectangular coordinates, spherical coordinates, etc.). 

[0047] In addition to vector loop 210 formed during the QRS portion of the cardiac 
cycle, other vector loops may be formed during other portions (e.g., P portion, T 
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portion, etc.) of the cardiac cycle. For example, as shown in Fig. 6, vector loop 230 is 
formed during the repolarization that occurs in the T portion of the cardiac cycle. 
Also, a small vector loop (not shown) may be formed during the P portion of the 
cardiac cycle. As shown in Fig. 6, vector loop 210 is quite a bit larger than vector 
loop 230. 

[0048] Referring to Fig. 7, one embodiment of a method for registering a 
representation of probe 56 with an image using heart vector 200 is shown. At step 
240, an image of heart 72 is acquired. The image may be any of the number of 
images described previously. In one embodiment, the image is a three-dimensional 
CT image. In one embodiment, a first heart vector data set is spatially correlated with 
the image. This may be done by acquiring the first heart vector data set at the same 
time or shortly before or after the image is acquired. For example, as the image is 
being acquired by, for example, CT imaging equipment, the first heart vector data set 
may be simultaneously acquired and the location of heart vector 200 or multiple 
locations of heart vector 200 in at least a portion of a cardiac cycle (which may be 
represented by vector loops 210 or 230) are correlated to the location of heart 72 in 
the image. In one embodiment, the first heart vector data set is acquired for the QRS 
portion of multiple cardiac cycles. In another embodiment, first heart vector data set 
comprises at least ten seconds of data from selected portions of a cardiac cycle or 
from the entire cardiac cycle. The ten seconds of data may then be averaged to 
provide the average location of heart vector 200 for one or more portions (e.g., QRS 
portion, T portion, etc.) of the cardiac cycle (e.g., enough locations of heart vector 200 
may be acquired and averaged to provide what may be considered an average of 
vector loop 210). In another embodiment, data is taken for at least ten seconds, 
twenty seconds, thirty seconds, or the majority of the time that it takes to acquire the 
image of the location of heart vector 200 for one or more portions of the cardiac 
cycle. Again, the data is averaged to provide the average location of heart vector 200. 
In one embodiment, the data is acquired by sampling the location of heart vector 200 
at least five hundred to one thousand times per second. 

[0049] In one embodiment, the first heart vector data set is acquired using a 
conventional twelve lead ECG system. Of course, in other embodiments, various lead 
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systems other than a twelve lead ECG system may be used to acquire data pertaining 
to the location of heart vector 200. As mentioned above, the location of heart 72 in 
the image may be correlated to one or more locations of heart vector 200 acquired in 
the first heart vector data set using the location of ECG leads 82. The location of 
ECG leads 82 are known relative to the location of heart vector 200 and relative to the 
image. Accordingly, using ECG leads 82, the location of heart Vector 200, acquired 
in connection with the first heart vector data set, may be correlated with the location 
of heart 72 in the image. 

[0050] At step 242, the representation of probe 56 is registered with the image using 
heart vector 200. Typically, but not always, step 242 is performed after the image has 
been acquired and probe 56 has been located in the body of patient 74 (e.g., image is 
acquired in radiology lab, patient 74 is transferred from radiology lab to 
electrophysiology lab, probe 56 is inserted into patient 74, representation of probe 56 
is registered with the image). Also, it should be noted that in many instances probe 56 
is inserted into the body of patient 74 after the image is acquired. 
[0051] In one embodiment, the location of probe 56 is determined relative to one or 
more locations of heart vector 200 (e.g., location of probe 56 is determined relative to 
multiple locations of heart vector 200 such as the multiple locations shown by vector 
loop 210). In another embodiment, the location of probe 56 is determined relative to 
the location of leads 82, and, thus, also relative to the location of heart vector 200. A 
localization system, as discussed previously, may be used to determine the location of 
probe 56 in relation to leads 82. Once the location of probe 56 relative to heart vector 
200 has been determined, then the representation of probe 56 may be registered with 
the image using one or more locations of heart vector 200. 

[0052] In one embodiment, registering the representation of probe 56 and the image 
is accomplished by registering the first heart vector data set with a second heart vector 
data set. In general, the second heart vector data set is correlated to the location of 
probe 56, while the first heart vector data set is correlated to the location of heart 72 in 
the image. Therefore, by registering the two data sets with each other the 
representation of probe 56 may be registered with the image. 
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[0053] Samples of the location of heart vector 200 may be acquired in a manner 
similar to that described with respect to the first heart vector data set. In one 
embodiment, the second heart vector data set is acquired while probe 56 is inside the 
body of patient 74. For example, the second heart vector data set may be acquired 
when patient 74 is in the electrophysiology lab and probe 56 has just been inserted 
into the body of patient 74. In another embodiment, the second heart vector data set 
may be acquired before probe 56 is inserted into patient 74. In another embodiment, 
the second heart vector data set may be acquired at the beginning of an EP procedure 
or shortly after probe 56 has been inserted into the body of patient 74. Once a 
sufficient number of samples have been acquired, the first and second heart vector 
data sets are registered with each other, thus registering the representation of probe 56 
with the image. After the representation of probe 56 has been registered with the 
image, then the EP procedure is continued without registering the representation of 
probe 56 with the image again. 

[0054] In another embodiment, the representation of probe 56 may be registered 
with the image periodically (e.g., every hour, half hour, ten minutes, etc.) during the 
time that probe 56 is located in the body. In another embodiment, the representation 
of probe 56 may be continuously or substantially continuously (e.g., once every 
cardiac cycle, once every third cardiac cycle, etc.) registered with the image. In one 
embodiment, the second heart vector data set may be a revolving data set. For 
example, the second heart vector data set may be configured to only use data acquired 
since the last time the representation of probe 56 was registered with the image (e.g., 
if registration is occurring once every cardiac cycle then only data from one cardiac 
cycle is registered with the first heart vector data set). Of course, even if the second 
heart vector data set is a revolving data set, the data may still be averaged over the 
revolving time period (e.g., registration occurs every ten minutes and the second heart 
vector data set is averaged for a portion or all of a cardiac cycle from the last five 
minutes, or two minutes, etc.). In acquiring the first and second heart vector data sets, 
ectopic beats may be excluded from the averaging process. Also, beats from which 
heart vector data sets are acquired are generated from the same type of rhythm (e.g.., 
sinus rhythm or other atrial rhythyms). In another embodiment, the second heart 
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vector data set may include data used to previously register the representation of 
probe 56 and the image. For example, if the representation of probe 56 and the image 
are registered every three cardiac cycles, then the second heart vector data set may 
include data used previously. In another embodiment, system 50 may be configured 
to determine whether the cardiac cycle of patient 74 has changed significantly, at 
which point the second heart vector data set revolves so that older data is no longer 
used to register the representation of probe 56 with the image. 

[0055] The first and second heart vector data sets may be registered to each other in 
a number of ways. For example, in one embodiment, a least squares method may be 
used to register the two data sets. In this embodiment, the data sets both comprise 
data from the QRS portion of the cardiac cycle as shown by vector loop 210. The 
process of registering the first and second data sets, in this embodiment, can be 
thought of as registering two vector loops 210, one from the first data set and one 
from the second data set. The first and second heart vector data sets each comprise a 
matrix L. Matrix L is transferred to vector matrix F (Fi and F 2 are used hereafter to 
denote the vector matrix corresponding to the first and second heart vector data sets, 
respectively) using equation (1): 

F = A T [L l9 L 29 ...L M ] T (1) 

In equation (1), F is a matrix with orthogonal lead vectors. Li are multiple lead 
vectors with length N that are in matrix L. N denotes the number of samples taken in 
each QRS portion. A T is the transfer matrix that is N-by-M in size. T is the matrix 
transpose operator. 

[0056] In general, rotational changes of a first vector loop (the first vector loop 
generally corresponds to the first heart vector data set, e.g., matrix Fi) and a second 
vector loop (the second vector loop generally corresponds to the second heart vector 
data set, e.g., matrix F 2 ) are modeled by the orthonormal, 3-by-3 matrix R. In an 
alternative embodiment, matrix R can be represented by three different rotation 
angles. A scalar amplitude factor /3 is included to account for expansion and 
contraction differences between the first and second loops. Although Fi is initially 
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assumed to be reasonably well synchronized in time to F 2 , a desirable synchronization 
is introduced by the shift matrix J T . Accordingly, matrix R can be used to account for 
rotational changes in the first and second vector loops, (3 can be used to account for 
expansion and contraction of the loops, and J T can be used to synchronize the loops 
with respect to time. Assuming that additive Gaussian noise, W, is present, an 
equation used to register the first and second loops is: 



[0057] The matrix F 2 and W are 3-by-N in size where N is the number of samples 
taken in the QRS portion of the cardiac cycle. Due to time synchronization, however, 
matrix Fi may include additional samples ((N+2A) samples for each lead 82). 
Accordingly, the first vector loop (e.g., F 2 ) can be modeled from any of the (2 A +1) 
synchronization positions in Fi. 

[0058] In one embodiment, the first and second loops are aligned over the early part 
of the QRS portion of the cardiac cycle. Due to the time synchronization of the first 
and second vector loops by J T , it is desirable to consider an error criterion for 
alignment which accounts for relatively large differences in amplitude. 
[0059] In one embodiment, a criterion in which the Frobenius norm for the 
difference between F 2 and j3RFiJ T is normalized with the scaled and rotated reference 
loop /SRFi J T as shown by equation (3): 



F 2 =/3RF x J T +W 



(2) 




(3) 



Equation (3) may be minimized by first rewriting equation (3) as: 



-2 = HF 2 T F 2 ) + p 1 tr{J T r F^F x J z ) - 2j3tr(F 2 T RF i J T ) 
p 2 tr{J T z F, T F x J T ) 



(4) 
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Minimization with respect to R is equivalent to maximizing the rightmost term in the 
numerator. It should be noted that tr denotes the matrix trace. By introducing the 
matrix shown in equation (5) 

B T =F 2 J T T F X T (5) 

it can be shown that the rotation matrix, for a fixed r, is estimated by equation (6) 

R T T = UV T (6) 

where the matrices U and V result from singular value decomposition of R r , i.e., 
R T =UEV T . 

[0060] The value of j8 may be estimated by differentiating e 2 with respect to /3 and 
setting the resulting expression equal to zero. The scale factor is estimated by 



A __Sfij£k)_ (7) 



The time synchronization parameter t may be obtained by a grid search over all 
possible values of t, as represented by equation (8) 



. \\F 2 -J3 T R T KJA\ 2 F 
t = arg mm " 2 . V r 1 (8) 

r \\P t r t f x j t \\ 2 f 



Using equation 8, the optimal estimates of R and (3 may be acquired. 

[0061] In order to get an angular time series, the rotation matrix R is computed for 

each loop occurring at time ti. The corresponding rotation angles can be estimated 

from R(t s ) as, 

^) = arcsin(r (U) (/ ( .)) (9) 
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(10) 
(11) 

where r (m n) {t i ) denotes the element in the m th row, n th column in matrix R{t i ) . The 

estimated rotation angles along the X, Y, and Z axes can be used to register the 
representation of probe 56 with the image by, for example, rotating the image 
according to the estimated rotation angles. 

[0062] In another embodiment, minimization of the error may be accomplished 
using a non-normalized least-squares method as shown by equation (12) 

= wm\\F 2 -0RF x JX, 02) 

p, R, r 

In this embodiment, the estimate of R T is the same as that shown in equation (6), (of 
course, the optimum value may be conditioned on a different r), however, the 
amplitude factor is instead given by 

The optimum r is found as that value which minimizes the Frobenius norm in 
equation (12), 

f = argmm\\F 2 -j3 r R r F l J T \\ 2 F (14) 

r 

[0063] In addition to registering the representation of probe 56 with an image of or 
pertaining to heart 72, first and second heart vector data sets may be used to adjust the 
properties of the image (e.g., size, position, etc.) once it has been acquired. For 
example, the image is acquired using a suitable imaging modality such as CT or MR. 
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As the image is acquired it is correlated to the first heart vector data set. Once the 
image is acquired then the image may be used in a later procedure (e.g., during an EP 
study). However, due to factors such as the position of patient 74, changes to the size 
and shape of the image due to image processing, etc, the image may not be similar in 
size or position to heart 72. This may be compensated for, however, by acquiring a 
second heart vector data set at the time of the later procedure. The second heart 
vector data set is compared to the first heart vector data set as described previously. 
Based on this comparison, it may be determined that the image should be expanded or 
contracted to more accurately reflect the size of heart 72. It may also be determined 
that the image should be rotated along any of the X, Y, or Z axes to provide a more 
accurate reflection of the position of heart 72. In another embodiment, the 
representation of probe 56 may be registered with the image using the first and second 
heart vector data sets or using one or more features 1 16 or heart 72. 
[0064] Referring to Fig. 8, a method is shown of registering a representation of 
probe 56 with an image according to another embodiment. In this embodiment, the 
representation of probe 56 is registered with an image of an organ or structure inside 
the body at substantially the same point in a bodily cycle. For example, in one 
embodiment, the organ or structure is heart 72 and the bodily cycle is a cardiac cycle 
shown in Fig. 9 by waveform 290 (e.g., ECG waveform). 

[0065] At step 280, an image is acquired of the organ or structure. The image may 
be any of the various types and configurations of images described previously. In one 
embodiment, the acquisition of the image is correlated to a bodily cycle. For 
example, if the image is a CT image of heart 72, the CT equipment may be configured 
to acquire each slice of the image at a certain point in a cardiac cycle as shown by 
waveform 290. In one embodiment, a point 292 is chosen on the QRS portion of 
waveform 290 to correlate to the acquisition of the image. Of course, in other 
embodiments, the point may be located anywhere in the cardiac cycle. In additional 
embodiments, multiple images may be acquired that are correlated to multiple points 
in the bodily cycle. 

[0066] In one embodiment, the image is acquired prior to probe 56 being inserted 
into the body of patient 74. In one typical example, an image of an organ or structure 
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inside the body is taken in a radiology lab using a suitable imaging system (e.g., CT, 
MR, etc.). Patient 74 is then moved to the electrophysiology lab where the probe is 
inserted into the body of patient 74. The person 58 controlling the movement of 
probe 56 may then register the image and the representation of probe 56 on a display 
to substantially the same point in a bodily cycle as explained in connection with step 
282. Of course, in other embodiments, the image may be acquired at any suitable 
time. For example, an ultrasound image may be acquired simultaneously with the 
insertion and/or manipulation of probe 56. In this instance, both the image and the 
location of probe 56 are being acquired and registered continually. 
[0067] At step 282, the representation of probe 56 is registered with the image at 
point 292 in the cardiac cycle. In one embodiment, this is done by periodically 
acquiring the location of probe 56 at point 292 in the cardiac cycle and using these 
locations to display the representation of probe 56 on display 52. In this manner, the 
representation of probe 56 and the image are registered to substantially the same point 
in a bodily cycle. 

[0068] In one embodiment, ECG leads are used to acquire information about the 
bodily cycle. Accordingly, when the image is being acquired, for example, ECG 
leads are used to simultaneously acquire information about the bodily cycle and time 
the acquisition of the image to the bodily cycle. The same or similar procedure may 
be used to time the acquisition of the location of probe 56 to the bodily cycle. In 
another embodiment, however, a blood pressure monitoring system may be used to 
acquire information about the bodily cycle. For example, a single pressure transducer 
patch may be located on a vein or artery that is adjacent to skin surface 78 of patient 
74 (e.g., jugular vein, etc.). The readings obtained from the pressure transducer may 
be used to correlate the image and/or the location of probe 56 to a particular point in a 
cardiac cycle. In one embodiment, the device used (e.g., pressure transducer) to 
acquire information about the bodily cycle does not include any metallic portions or 
portions that may interfere with certain imaging systems (e.g., MR). Of course, 
multiple pressure transducers may also be used. A number of other suitable ways 
may also be used to acquire information about the bodily cycle. 
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[0069] In another embodiment, at least one image is acquired which is correlated to 
a point in a bodily cycle. The image may then be used to extrapolate the image to 
another point in the bodily cycle using information about how the image changes with 
respect to the bodily cycle. In another embodiment, at least two images may be 
acquired, each of which are correlated to different points in the bodily cycle. The 
images may then be used to interpolate and/or extrapolate to create an image at 
another point in the bodily cycle. The interpolated and/or extrapolated image which is 
correlated to the other point in the bodily cycle may then be registered to the 
representation of probe 56 at substantially the same point in the bodily cycle. 
[0070] The construction and arrangement of the elements described herein are 
illustrative only. Although only a few embodiments have been described in detail in 
this disclosure, those of ordinary skill who review this disclosure will readily 
appreciate that many modifications are possible without materially departing from the 
novel teachings and advantages of the subject matter recited in the claims. 
Accordingly, all such modifications are intended to be included within the scope of 
the methods and systems described herein. The order or sequence of any process or 
method steps may be varied or re-sequenced according to alternative embodiments. 
Other substitutions, modifications, changes and omissions may be made in the design, 
operating conditions and arrangement of the embodiments without departing from the 
spirit and scope of the methods and systems described herein. 
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